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Protein folding is an extraordinary process, in which a polypeptide chain folds into a well defined three-dimensional structure having specific functional properties. Kinetic and thermodynamic studies on the folding of water-soluble proteins have significantly increased our understanding in this regard. Advances in theoretical and computational methods have also helped in predicting the native structure of small proteins, accurately. On the other hand, our knowledge regarding folding of membrane proteins is still in its early stage. Membrane protein [MP] is a molecule attached to or embedded in the membrane of a cell, or its organelles. Based on this, they are classified as peripheral or integral membrane proteins [1] . To satisfy the hydrogen bonding criterion of a polypeptide chain, transmembrane domains of MPs either form α-helices or β-strands. In α-helices, hydrogen bonds are formed within the same segment. β-strand form hydrogen bonds between adjacent segments, and hence form cylindrical β-barrels to fulfill all their hydrogen bonding requirements. As a result, they are required to traverse the membrane once or multiple times with a string of ~20, predominantly hydrophobic amino acids comprising the transmembrane [TM] portion of the protein. α-helical MPs that span the membrane with a single TM segment are classified as bitopic proteins [1] .
Membrane proteins pose unique experimental challenges. First, their over expression which is a pre-requisite for any meaningful structural characterization, could be toxic to the host. Second is the proper folding in the host membrane, which could be rate limiting. Third, functionally important post-translational modifications might not be reproduced in a heterologous expression system. Fourth, choosing the optimal detergent to extract the protein from the membrane and maintaining it in its native conformation is not straightforward [2] . If all the above challenges are overcome, subsequent crystallization trials or applying nuclear magnetic resonance [NMR] methods require further optimization in choosing the right detergent for structural studies. Until recently, eukaryotic membrane proteins whose three-dimensional structure had been determined were purified from uniquely rich sources. For example, rhodopsin was from eyes [3] , or aquaporin from fiber cells of the bovine eye lens [4] . Thus, there is an immediate need for developing novel expression systems for eukaryotic membrane proteins.
At present, structures of 359 unique membrane proteins are available [5] . They have provided a much clearer view of the structural diversity exhibited by membrane proteins. Some of these structures have refuted the long standing belief of TM helices being packed parallel to the membrane normal and spanning the complete length of the membrane. More than 60% of all TM helix packing angles are in the range of 0° to 40° [6] . It has also been observed that 1 in 20 TM helices are half TM helices [7] , with about 60% of TM helices accommodating significant bends or other distortions [8] . Loops connecting TM helices are also not greatly restricted by the membrane. Thus, it can be said that like soluble proteins, membrane proteins have also adapted to fold in such a way that their chains satisfy the functional requirements, albeit within strict confines of the lipid bilayer. Solving the protein-folding problem has been a long standing challenge and the special case of membrane proteins has garnered increasing interest from researchers.
A two-stage model of membrane protein folding was first proposed by Popot and Engelman [9, 10] , for α-helical membrane proteins. The first stage involves formation and insertion of helices into the membrane. This step is directed and catalyzed by the translocon complex. The way a protein sequence interacts with the translocon to direct insertion and topology would be the key in understanding this stage. In the second crucial stage, the tertiary and quaternary structures are formed. Here, the helices formed in the first stage assemble and reorient with additional insertion of re-entrant portions of the chain. Subunit oligomerization also happens in this stage [9, 10] . Detailed studies to determine specific amino acid preferences for different portions of the bilayer, energetics of interactions within the protein and with the bilayer would provide us a much clearer picture of this stage.
Helical membrane protein sequences are characterized by hydrophobic stretches of approximately 20 residues [9] . They are long enough to span the hydrocarbon core of a typical bilayer in helical conformation. This feature indicates that thermodynamic partitioning between water and the bilayer is important in membrane insertion and maintenance in the bilayer. The high cost of interfacial partitioning of the peptide bond, 1.2 kcal/mol, drives the formation of secondary structures [11] . α-helical formation reduces the cost of interfacial partitioning by 0.4 kcal/mol per residue [12] , and 0.5 kcal/ mol for a b-sheet [13] . The free energy cost of disrupting hydrogen bonds in the membrane is 4 kcal/mol, on a per residue basis [14] . Hence, it is thermodynamically favorable for polypeptides to satisfy their hydrogen bonding requirements at the interface, before inserting into the membrane. Small such changes can aggregate to be large, thus favoring the folded state more than the unfolded state. In spite of this, it is the side-chain hydrophobicity that drives the equilibrium in favor of insertion into the bilayer. Thus, there exists a threshold of side chain hydrophobicity for a segment to insert in the bilayer [15] .
The biological process of nascent chain insertion into the bilayer is catalyzed by the SecY complex in bacteria and the Sec61 complex in eukaryotes [16] . These complexes perform a variety of functions.
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First, they ensure no leakage of ions or small molecules during the passage of the nascent polypeptide chain. Second, they decide if they need to do reverse orientation of the emerging segment of the nascent polypeptide. Third, they also decide if the emerging segment needs to be passed to the aqueous or the membrane phase. Fourth, they also need to ensure that no leakage of ions or small molecules occur, when it opens laterally to release a segment into the membrane. Biochemical studies in conjunction with the structure of the SecY/Sec61 complex have enabled to propose a general model for protein translocation [16, 17] . The translocon complex consists of three subunits α, β and γ. The largest subunit α is composed of 10 TM helices surrounding the likely translocation pore, an additional TM helix is contributed by the β-subunit and the γ subunit closes the α-subunit on one end. The subunit contributes the helical plug, which slides out to allow the nascent polypeptide to pass. Hydrophobic residues lining the pore sample, the nascent polypeptide and ascribe volition to a protein to let it pass through or let it into the membrane. TM helices enter the membrane by opening the channel laterally to the side opposite to the γ-subunit [16, 17] .
Topology of membrane inserted segments is determined by interactions between the translocon and primary sequence of the nascent polypeptide chain. It has been now well established that membrane proteins follow the positive-inside rule [18] . This means that the cytoplasmic side of membrane proteins tends to be positively charged. Some reasons for this preference might be the electrostatic potential differences between the two compartments and differences in lipid composition between the two membrane leaflets. Presence of positively charged residues in the plug region of the translocon also might cause a strong repulsion, flipping the orientation of the chain [19] . Other factors such as synthesis rate and the length of the hydrophobic segment also contribute in making the topology decision. Like the topology decision, the decision to insert a certain segment of the nascent polypeptide into the membrane is made through interaction with the translocon. Studies have suggested that frequent opening of the lateral gate in the translocon allows the nascent polypeptide to sample both the aqueous and membrane phases [20] . If the rate of synthesis is slow relative to the sampling process, equilibrium is established and a bilayer favoring configuration enables insertion of the segment in the membrane [20] . The insertion probability is also not only determined by the composition of the residues, but also by positioning of certain polar residues. Studies have shown that, it is more favorable to place an arginine residue at the edge of the hydrocarbon core than at the centre [21] .
In soluble proteins, the hydrophobic effect is a primary driving force of folding, and for the association of hydrophobic patches on protein surfaces. Membrane proteins are required thermodynamically to interact with each other to form the final folded structure. This increases the entropy of the total system by reducing lipid-exposed area of the protein. In other words, release of lipid molecules into the lipid pool increases their entropy [22] . The interactions involved in the association step are mostly van der Waals forces, hydrogen bonding and electrostatic interactions [6] . The helices make closely packed lefthanded and right-handed contacts with the left handed configuration, at approximately 20ºC being the most favored one [6] . Similar to structural studies of membrane proteins, the folding studies have been limited largely due to the difficulty in devising experimental systems, where they can fold in a thermodynamically reversible manner.
A major difference to be considered while studying the folding of membrane proteins is that the unfolded state retains considerable secondary structure [23] . Hence, most methods used have focused on the second stage of the folding process. Another important difference is the presence of detergents which are required to keep the proteins soluble and sometimes, they have influenced the folding mechanism. Conventionally, techniques that monitor spectroscopic or physical properties that differ between the folded and unfolded state, follow folding of a protein. Since the magnitude of these differences are much smaller in membrane proteins, other methods are used. Specifically, analytical ultracentrifugation, fluorescence resonance energy transfer [FRET] and gel electrophoresis have been widely used. Some of the less frequently used methods are electron paramagnetic resonance, Fourier transform infrared spectroscopy and small angle X-ray scattering [24] . Very recently, pulse-proteolysis has been employed to study proteinunfolding of bacterio-rhodopsin [25] .
Formation of tertiary and quaternary structures in membrane proteins occurs in the second stage of the two-stage membrane proteinfolding model. This stage largely involves TM helices interacting with each other [9] . Interactions in the extracellular, cytoplasmic loop regions or with other molecules also contribute to formation of the final folded structure. Association of bitopic membrane proteins is significant in the formation of a number of signaling complexes. Similarly, association of TM helices in polytopic membrane proteins led to the formation of functional oligomeric complexes. Thus, association in membrane protein assembly can transform a simple membrane anchor into a biologically active complex. Driving forces behind formation of quaternary structures are primarily of two types [26] . The first force is the covalent bonding between monomers, and the second is non-covalent interactions enabling specific association. Covalent bonds are mostly disulfide bonds between monomers, which are largely formed in the extracellular oxidizing environment. The low dielectric constant of the bilayer prevents formation of a disulfide bond, as it is highly unfavorable for the deprotonation of the thiol group. Hence, membrane protein association mediated by TM regions is largely of non-covalent nature. Van der waal interactions, salt bridges and interhelical hydrogen bonding are some of the non-covalent forces involved in membrane protein association [26] .
A majority of the understanding of TM helical interaction has come from studies on glycophorin A (GpA]. GpA is a single TM helix dimer expressed on the surface of erythrocytes. Mutagenesis and NMR studies have revealed the dimeric interface of the TM domain to be a characteristic right handed motif GxxxG [27] . This motif has also been found to mediate helix association for several other TM domain sequences like that of the erbB receptors, integrins, BH3 only apoptotic proteins, F0F1-ATP synthase and GPCRs. It was not surprising to find this motif to be statistically over-represented in single pass TM helices with pairwise interactions [27] . This observation can largely be attributed to the reason that glycine promotes proximity between helices by minimizing the steric hindrances of the helical backbones and promoting van der Waals interactions. There is also a potential for hydrogen bonding to enhance the stability of interactions between the TM helices [27] . Proline, a conventional helix breaker in soluble proteins is typically accommodated at the N and C-terminal ends of the TM helix. The increased backbone flexibility imparted by the proline residue is important for hinge-bending motions. They are believed to stabilize helix-helix packing. Positioning of a serine or threonine at position i and proline at position i+4 enables to free the backbone carbonyl oxygen atom for interhelical hydrogen bonding. This hydrogen bonding is believed to provide stabilization energy for association [28] . The above mentioned examples and association motifs clearly indicate the role of many transmembrane domains to
